In this work, an innovative approach for determining the surface stoichiometry of 23 complex metal oxide (CMO) thin films is presented. The procedure is based on 24 treatment of the sample surface with different etching solutions, followed by on-line 25 analysis of the derived eluates using inductively coupled plasma -mass 26 spectrometry (ICP-MS). Via consecutive treatment of the sample surface with water 27 and diluted HCl, a differentiation between water soluble and acid soluble parts of 28 near surface regions in thin films is enabled. The developed procedure was applied 29 for the analysis of dense La 0.6 Sr 0.4 CoO 3-δ (LSC) thin films indicating the presence of a 30 water soluble Sr-rich phase with sub nm-thickness on top of the LSC films. The step
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Accepted Manuscript JAAS www.rsc.org/jaas Complex metal oxides (CMOs) are key materials in an increasing number of 41 applications. Among the numerous crystal structures adopted by CMOs, those in the 42 perovskite-type (ABO 3 ) family have received the greatest attention followed by spinel-43 type (AB 2 O 4 ) and pyrochlore-type (A 2 B 2 O 7 ) structures. The growing interest over the 44 past decades for these and other structures can be attributed to the functional 45 diversity due to the wide range of properties that they can adopt 1 . For example, in 46 the fields of solid state electrochemistry and heterogeneous catalysis, complex metal 47 oxides are attractive alternatives to expensive noble metal catalysts [2] [3] [4] . For both 48 disciplines, excellent knowledge of the structure and composition of the investigated 49 material at the reaction sites, i.e. in most applications the solid/gas phase boundary 50 (surface), is required for understanding reaction mechanisms and tailoring properties. 51 Nanoscaled systems (e.g. nanoparticles, thin films) may not only improve 52 functionalities but are also indispensable to increase the surface/bulk ratio for a 53 detailed analysis of the region of interest. Particularly, thin film model systems, 54 mostly deposited by physical and chemical vapor deposition techniques, offer the 55 possibilities for using a large variety of analytical methods to characterize the surface 56 and near surface region as well as depth profiling the layers beneath.
Imaging methods, such as atomic force and scanning tunneling microscopy, 58 are widely used to characterize the structure of the termination layer. For the analysis 59 plasma -optical emission spectrometry (ICP-OES) already revealed an 84 accumulation of Sr at the electrode surface, which may be responsible for the 85 deactivation of the oxygen reduction reaction [21] [22] [23] . Furthermore, Cai et al. 23 86 proposed a secondary Sr phase such as SrO/Sr(OH) 2 at the surface based on 87 different binding energies found for Sr 3d electrons using XPS. Nonetheless, by XPS 88 it is non-trivial to qualitatively (and almost impossible to quantitatively) deconvolute Sr 89 surface species from Sr in the LSC lattice. Accordingly, additional analytical methods 90 with complementary information content, e.g. not only on ionic binding situations but 91 also on phases, are therefore highly desirable. 92
Recently, Kubicek et al. 21 presented a novel tool for surface chemistry 93 analysis to overcome limitations of conventional depth profiling techniques. There, 94 the surface of LSC thin films was etched with dilute HCl, and the eluate containing 95 the dissolved cations was then analyzed on-line by ICP-OES. In contrast to classic 96 batch-wise extraction procedures, this approach provides time resolved information 97 on the availability and solubility of any dissolved species. Application of a slightly 98 modified etching procedure allowed the verification of a Sr enriched region at the 99 surface of porous LSC thin films 24 . However, limitations in sensitivity and 100 reproducibility of analysis prevented the determination of surface cation stoichiometry 101 as well as the measurement of dense LSC thin films. 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 136
Instrumentation 137
An iCAP 6500 series ICP-OES spectrometer (Thermo Scientific, USA) was 138 used for method development. Sample introduction was performed using an APEX E 139 high efficiency sample introduction system with a Meinhard concentric nebuliser and 140 a cyclonic spray chamber (ESI Elemental Scientific, USA). Instrumental parameters 141 used for ICP-OES measurement of thin surface layers are summarized in Table 1 . 142 ICP-MS analysis was conducted using quadrupole instrumentation (Thermo iCAP  143 Qc, Thermor Scientific, Bremen, Germany). Sample introduction was accomplished 144 employing a Peltier-cooled spray chamber equipped with a concentric quartz glass 145 nebulizer. The instrumental parameters ( For analysis of time resolved etching profiles a flow-injection (FI) system 154 coupled to an ICP-OES or ICP-MS for element selective on-line detection was used. 155
The applied FI-system consisted of a six port injection valve (VICI, Cheminert C22, 156 USA) equipped with a sample cartridge for insertion of LSC samples. Arrangement of 157 the applied FI-manifold was similar to the one recently described by Limbeck et al. 27 158 for the dynamic extraction of water soluble trace metals in airborne particulate matter 159 (Fig. 1) Journal of Analytical Atomic Spectrometry Accepted Manuscript quartz frits were employed as sample cartridges. In the final procedure, homemade 162 polytetrafluoroethylene (PTFE) micro-cartridges were used. In both cases the 163 cartridges were connected to the FI-system using conventional luer-fittings, which 164 allowed an easy and fast replacement of the etching compartment. The connections 165 between the individual parts of the FI-system were made with PTFE tubes having an 166 inner diameter of 0.7 mm. 167 LEIS analysis of the LSC thin films were performed using a Qtac100 168 spectrometer (ION-TOF GmbH, Germany) fitted with a high brightness ion source to 169 provide the primary beam (Hyperion, Oregon Physics, USA). Major advantage of 170 LEIS is that the analyzer beam only probes the first atomic layer. The elemental 171 composition of the surface was analyzed using a 6 keV Ne + beam, which was 172 directed normal to the surface and the kinetic energy distribution of the backscattered 173 ions at 145° (collected over the entire azimuth) was analyzed to obtain the elemental 174 composition of the first monoatomic layer. For depth profiling, a 1 keV Ar + sputtering 175 beam at a sputtering angle of 59 degrees was used. The sputtered area was 1.3 x 176 1.3 mm 2 , with the central region of 1x1 mm 2 analyzed by the primary beam. The 177 sputter rate for the depth calibration of the profiles was estimated by measuring the 178 depth of a 300 x 300 µm 2 crater using laser interferometry (LEXT OLS4000, 179
Olympus, Japan), assuming that the rate was uniform for the LSC thin film. For the 180 quantification of the cation surface coverage, the plateau signals at the end of the 181 depth profiles were used as the reference value for the bulk stoichiometry, as 182 described in Ref.
28
. 183
To measure the impedance of LSC electrodes, a second LSC thin film (same 184 deposition conditions) was deposited on the back side of the YSZ substrate. The 185 impedance was then measured by a Novocontrol Alpha A High Performance 186 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Method development 228
Limitations in reproducibility and accuracy of analysis are considered the main 229 drawbacks of the procedure reported in Ref. 21 . Typical sources for these problems 230 are analyte losses and/or memory effects, changes in the carrier flow rate and/or 231 composition, alterations in the nebulizer efficiency as well as variations in the plasma 232 load, causing undesirable fluctuations in the measured signal intensities. Since the 233 investigated elements provide an enhanced solubility at lower sample pH, adsorption 234 losses and/or memory effects are only of concern when pure water is applied as 235 etching agent. In the latter case, material dissolved from the LSC surface could be 236 lost during transport from the sample cartridge into the plasma due to adsorption of 237 dissolved material on different parts of the analytical system (tubings, nebulizer, Beside improvement of the measurement step, a continuous optimization of 257 the LSC thin film etching process is also required for reliable determination of 258 distribution profiles. For this purpose an etching compartment is mandatory which 259 delivers the eluent to the whole thin film surface uniformly, enabling homogenous 260 sample dissolution by the eluent. Moreover, the etching compartment should provide 261 fast wash out times to avoid mixing of sample eluates from successive sample 262 depths, and the absence of any memory effects due to adsorption or release of 263 analytes. The last issue is of special importance since the acidic make-up solutionintroduced to overcome the problem of analyte losses (see previous section) protects 265 only the sample introduction system located behind the mixing device. Thus in the 266 etching cartridge adsorption losses are still possible, since this part is positioned 267 before the mixing device and therefore operated with etching solution only. 268
In the very first part of this work, where LSC thin films were simply sandwiched 269 between two porous quartz frits and inserted into a SPE cartridge as reported by 270 Kubicek et al. 21 , differentiation between water soluble and acid soluble contents of 271 LSC thin films was hampered. Memory-effects caused by the pH dependent 272 adsorption/desorption of dissolved LSC constituents on the porous frits were found to 273 be the main reason. To overcome the problems associated with the use of 274 commercial SPE cartridges and porous frits as sample holders, a new etching 275 compartment was manufactured, which allows fixation of the LSC sample without the 276 use of any additional substrate. The material chosen for this application was PTFE, 277 giving the advantage of being resistant to strong acids and acetone, which also 278 enables an effective cleaning of the cartridge prior to next use. Particular emphasis 279 was laid on the geometry of the etching compartment (for details see 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Ref. 21 . One scientific task which could thus be addressed is the analysis of dense 360 LSC thin films using water as etching solvent. This results in very low etching rates 361 and thus sample eluates with concentrations not measurable with ICP-OES. To this 362 end, a set of identical dense LSC thin film samples was investigated by means of 363 both detection techniques and treated first with water and subsequently with etching 364 solutions of increased acidity. For further discussion, the intensity/time data received 365 by the detector was converted into molar ratios versus time profiles using theprocedure developed for signal quantification. As expected, the ICP-OES signals 367 were close to the respective detection limits, and do not allow a reliable differentiation 368 between parts of LSC with different solubility. Detection by ICP-MS, on the other 369 hand, leads to very precise and reliable profiles for all elements (Fig. 4a) . From the 370 ICP-MS results, it is evident that significant quantities of Sr but also Co and La were 371 dissolved by the treatment with water. Moreover, the amount of water soluble species 372 at the thin film surface decreased significantly with ongoing reaction time, see also 373 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of the applied quantification approach is confirmed, in particular when considering 419 that the production of LSC thin films can also generate minor variations in the 420 composition of the investigated sample sets. 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 that the main difference between the surface composition of an as-deposited and a 445 H 2 O treated layer is the absence of a strongly Sr-rich layer in the latter case. The fact 446 that also after H 2 O pretreatment, in the beginning of the measurement, an increased 447 amount of the LSC lattice is dissolved in water may be explained with the influence of 448 trace gases, e.g. CO 2 , SO 2 adsorbed at the sample surface or PTFE compartment. 449
To confirm the findings from ICP-MS measurements, further LSC thin films 450 were prepared and analyzed by LEIS. Depth profiles over the first 5 nm of the thin 451 films for the Sr/(Sr+La) and Co/(Sr+La) ratio are shown in Fig. 6a and 6b or ICP-MS, the necessity of appropriate matrix matched standards could be 501 circumvented, since simple aqueous standards could be used for signal 502 quantification. A further benefit of the proposed procedure is the ability to distinguish 503 phases with different solubility, whereas common techniques allow only the 504 measurement of total element contents. 505
The developed procedure was applied for the analysis of LSC thin films. LEIS 506 and on-line ICP-MS measurements revealed a water-soluble Sr-rich termination layer 507 on freshly deposited dense LSC thin films. Qualitatively and quantitatively, a very 508 good agreement between the results obtained by these two techniques was found. 509
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